The G-protein-coupled receptor molecules and downstream effectors that are used by taste buds to detect sweet, bitter, and savory tastes are also utilized by chemoresponsive cells of the airways to detect irritants. Here, we describe the different cell types in the airways that utilize taste-receptor signaling to trigger protective epithelial and neural responses to potentially dangerous toxins and bacterial infection.
The respiratory tract and the digestive tract face a similar dilemma: they need to allow into the body essential substances, while at the same time guarding against the intake of toxins or infectious agents. To accomplish this end, both organ systems employ a similar strategy of maintaining chemosensors at the intake points for each system, with the possibility of evoking protective reflexes upon detection of a potential toxin (23, 63) . In the case of the digestive tract, the protective reflex triggered by oral chemoreceptors is gagging, choking, or even vomiting in response to aversive tastes, whereas in the respiratory system the reflex can be sneezing, coughing, or apnea. In both systems, activation of the chemodetectors also can evoke changes in local epithelial characteristics or local autonomic reflexes, e.g., salivation, secretion, or changes in ciliary function or motility.
For the digestive tract, the chemosensors monitoring intake include taste buds, which are specialized endorgans of 50 -100 cells designed to distinguish appetitive from potentially toxic compounds. Each cell of a taste bud (taste cell) is molecularly differentiated to respond to one of the five main taste qualities: salty, sour, bitter, sweet, and umami (the savory taste of glutamate and other amino acids). Transduction of the former two qualities, salty and sour, relies on ion channels or conductances, whereas transduction of the latter three qualities depends on G-protein-coupled receptors (GPCRs) and their attendant downstream signaling pathways (12). The sensation of bitter, which evokes an innate aversive reaction to many noxious substances, depends on members of the Tas2R family, of which ϳ25-35 generate functional T2R receptors in placental mammals (15, 17) . Although these taste-related GPCRs were first identified by their robust expression in taste epithelia, subsequent analysis reveals the presence of these putative taste receptors in diverse organ systems of the body including especially the hollow organs of the digestive and respiratory systems (2, 6, 19, 30, 38, 40, 48, 61, 72, 75) .
In the digestive system, the taste receptors can signal the presence of either appetitive (carbohydrates or amino acids detected by T1R heterodimers) or aversive (toxins) substances, detected by T2R family receptors. Activation of the T1R-expressing cells can evoke appropriate digestive reflexes such as release of GLP or other digestive enzymes (6). Conversely, activation of T2R-expressing cells can provoke reflex flushing of the lower gut (35) . In the airways, T2R expression predominates (75) , and the reflexes initiated by chemical stimulation appear to be mostly protective (19, 78) .
In this review, we focus on the utilization of the taste receptor cascade by elements of the respiratory system in the generation of protective, socalled "chemofensor" (or chemesthetic) reflexes (23). In the respiratory system, these reflexes include changes in respiration (e.g., apnea), changes in epithelial function, and perhaps even alterations in airway patency. Thus activation of the chemofensor system of the airways activates intraepithelial signaling as well as engages central pattern generator networks for respiratory control. For a review of how taste signaling is utilized in the gut, the reader should refer to other recent papers (6, 20).
Canonical Taste Signaling Cascade
For the taste qualities of sweet, umami, and bitter, taste receptor cells employ a panel of G-proteincoupled taste receptors (GPCRs) coupled to a common downstream signaling cascade involving PLC␤2, IP3R3, and TrpM5 (see FIGURE 1) (13, 38, 53, 87) . Specificity of the system is due to differential expression of particular GPCRs. The sensations of sweet and umami, which signal nutrients, rely on heterodimers of the Tas1R family, which form, respectively, T1R2/T1R3 (sweet) and T1R1/T1R3 (umami) heterodimers. Detection of bitter is mediated by a family of T2R receptors, with each taste cell expressing several of the family members (9, 10, 51). Heterologous expression studies show that many members of the T2R family respond to a limited molecular range of compounds, although some T2R receptors are more broadly responsive (51) . Since each bitter-responsive taste cell expresses multiple T2R members, the responses of taste cells can be quite broad, albeit not universal for all bitter-tasting compounds (9).
Nonetheless, expression of the canonical downstream taste signaling cascade elements of PLC␤2, IP3R3, and TrpM5 is not limited to taste buds. Diverse cell populations in both the digestive organs and in the respiratory tract express these elements associated with chemotransduction (3, 4, 13, 27, 36, 38, 55, 75) .
The first component of the taste transduction cascade to be identified outside of the taste epithelium was the taste-associated G-protein ␣-gustducin (31). In taste buds, expression of ␣-gustducin is strongly associated with expression of the T2R receptors and less so with the T1R family of receptors (8, 37, 52, 69, 73, 76, 80, 83) . Similarly, outside of the taste epithelium, ␣-gustducin expression is strongly associated with expression of T2R family receptors (25, 34, 61, 75, 78) but is also associated with T1R expression in various chemoreceptors of the digestive tract (6, 33).
Canonical Taste Signaling in the Airways
The presence of ␣-gustducin immunoreactivity in the airways was first reported in a subset of bipolar cells in the vomeronasal neuroepithelium and in scattered cells of the nasal respiratory epithelium (85) . Subsequently, Finger et al. (19) showed that similar ␣-gustducin-expressing epithelial cells, called therein solitary chemoreceptor cells (SCCs), were heavily innervated by peptidergic fibers of the trigeminal nerve, presumably polymodal nociceptors. Similarly, ␣-gustducin-immunoreactive epithelial cells, called solitary chemosensory cells (SCCs), were also described in laryngeal and tracheal respiratory epithelium of mouse, rat, and cow (50, 64, 79) .
Although ␣-gustducin is a useful marker for many chemoresponsive epithelial cells, this G-protein is not present in all cells that express other elements of the canonical taste signaling cascade. Many more cells express TrpM5 than ␣-gustducin, although a substantial overlap exists between these populations (42-44, 63, 75) . The function of the TrpM5-expressing epithelial cells that do not also express other elements of the T2R-signaling cascade remains unresolved.
The clearest example of a cell type that expresses TrpM5 but lacks many other elements of the taste transduction cascade is the olfactory receptor neuron (27, 36, 43) . Olfactory receptor neurons use a cAMP transduction cascade that is entirely different than taste cells (66) , yet a subset of olfactory receptor neurons express TrpM5 (43) . How TrpM5 relates to the canonical olfactory transduction cascade is problematic, but its expression in olfactory receptor neurons is labile, being dependent on basal activity levels and other factors (57) .
In addition to olfactory receptor neurons, at least three distinct cell types within the airways express TrpM5 and other elements of the taste transduction cascade. These are 1) microvillous cells of the olfactory epithelium, 2) solitary chemosensory cells of the nasal respiratory epithelium, and 3) brush cells in the trachea. In addition, ciliated epithelial cells and smooth muscle cells of the airways express T2R (bitter) receptors in humans (16, 68) . In the next section, we discuss the possible functional role of taste-related signaling in these various tissues. We (75) as well as other investigators (63) have applied a common name to these different cell types, i.e., calling them all "solitary chemosensory cells." We now prefer reserving this term for cells of the nasal respiratory epithelium, which are heavily innervated and which, therefore, FIGURE 1. Crucial elements of the taste transduction cascade for umami, sweet, and bitter qualities Taste receptor (TR) molecules (either T1R or T2R family members) are coupled to G proteins such as ␣-gustducin. Activation of the receptor by a tastant results in dissociation of the G protein ␤␥-subunits, which activates PLC␤2 to liberate IP3 from the membrane. The IP3 then acts on IP3R3 on the endoplasmic reticulum to release Ca 2ϩ from stores. The increase in intracellular Ca 2ϩ activates the TrpM5 ion channel to permit influx of Na ϩ , which depolarizes the cell. The combination of depolarization and increased intracellular Ca 2ϩ effects release of neurotransmitter. In taste buds, the crucial transmitter is ATP released in a nonvesicular fashion through gated hemichannels (32, 60) . In epithelial chemoresponsive cells including SCCs, transmitter release is likely to involve acetylcholine released by a vesicular mechanism. evoke a sensation (likely pain or irritation since they are innervated by polymodal nociceptors). An alternative collective for these chemoreponsive cells of the airways could be "diffuse chemosensory system" (63) or "chemofensor" complex (23), but each of these terms is not yet sharply defined.
Features shared by these chemoresponsive airway cells include expression of TrpM5 and other elements of the canonical taste transduction cascade, a cholinergic phenotype (40, 56) , and responsiveness to an array of noxious substances (19, 25, 42, 44, 56, 78) . How they differ is in terms of overall FIGURE 2. Chemoresponsive cells that express elements of the taste transduction cascade are present throughout the respiratory system as well as in taste buds (TB)
Despite similarities in molecular characteristics, these chemoresponsive cells are not identical. We distinguish at least three types of chemoresponsive cells within the respiratory system: 1) solitary chemosensory cells (SCCs) distributed within the anterior nasal epithelium, 2) microvillous cells (MV) within the olfactory epithelium, and 3) brush cells (BC) in the trachea. Each of these cell types has a distinctive morphology and different relationships to the afferent nerve fibers in the vicinity. Bottom: semischematic diagrams of the three TrpM5ϩ cell types, showing differences in morphology and relationship to local nerve fibers. morphology and relationship to sensory nerves, as shown in FIGURE 2 (19, 40, 42) .
Microvillous Cells of the Olfactory Epithelium
The major cell types comprising the olfactory epithelium are olfactory receptor neurons (ORNs) and sustentacular (supporting) cells. The sustentacular cells are relatively small cells with somata situated at the top of the epithelium. The cell bodies of olfactory receptor neurons lie deeper in the epithelium but extend an apical process, which reaches above the sustentacular cells, where it swells into an olfactory knob extending numerous long immotile cilia. A less common cell type of the olfactory epithelium is the microvillous cell. These cells have somewhat diverse appearances with cell bodies situated within or just beneath the layer of sustentacular cells but still above the majority of the olfactory receptor neurons (see FIGURE 2). Microvillous cells extend an apical process to the surface of the epithelium, and the detailed morphology of this apical process varies slightly according to cell type (27). In all cases, the apical process has microvilli and expresses espin, the cytoskeletal protein that characterizes many sensory cells (56, 67) . These microvillous cells of the main olfactory epithelium are not heavily innervated, although occasional nerve fibers may make en passant contact with the basal portion of these cells (27, 42) . Although the microvillous cells of the main olfactory epithelium have been reported to lack expression of ␣-gustducin, PLC␤2, and some other elements of the taste transduction cascade, we find evidence for these under appropriate fixation conditions (28).
The microvillous cells of the main olfactory epithelium respond to numerous irritants as well as to most classical odorants when present at sufficiently high concentrations (25, 44). Upon activation, the microvillous cells release acetylcholine, which acts on muscarinic receptors expressed by elements of the surrounding epithelium (56) . The acetylcholine released into the epithelium will also likely activate nicotinic receptors on the nearby nerve fibers, although no specific synaptic structures are reported. The net effect of the acetylcholine released into the surrounding epithelium is unknown, although it does cause significant increases in cytosolic Ca 2ϩ in nearby sustentacular cells via release from intracellular stores (56) . How this may affect the overall functionality of the epithelium is unclear, although sustentacular cells have been implicated in regulation of the perireceptor milieu for the adjacent olfactory receptor neurons (22, 74) . A subset of olfactory receptor neurons themselves are modulated by the released acetylcholine, which seems to decrease the overall responsiveness of the ORNs to the cAMP-mediated signaling cascade utilized for olfactory transduction. Taken together, these results suggest that the microvillous cells of the main olfactory epithelium may serve as governors to decrease the responsiveness of nearby ORNs at high levels of odorants.
Solitary Chemosensory Cells
Solitary chemosensory cells (SCCs) were first described in various fishes by Mary Whitear in the 1970s (81) . The SCCs are columnar epithelial cells scattered within the epidermis of all anamniote aquatic vertebrates. SCCs are topped by a tuft of wavy microvilli and form prominent synapses with nerve fibers at their base. Since SCCs occur on the body surface as well as in the nasal cavity and respiratory passageways (5, 29), they are innervated by a variety of nerves including spinal, trigeminal, and perhaps vagus nerves. Based purely on morphological critera, Dr. Whitear concluded that SCCs are a chemosensory cell. We suggest that these characteristics be used as defining features for SCCs in all vertebrates: an isolated elongate cell in the epithelium, with a wavy microvillous apex, and heavily innervated by local nerve fibers.
Using these criteria, an apparently identical cell type can be identified within the nasal passages of amniotes including reptiles (26) and mammals (19, 65, 79) . The SCC in mammalian nasal cavities has all the characteristics of the SCC as defined for fishes but differs from other chemoresponsive cells (microvillous cells and brush cells) in several ways (see FIGURE 2) . First, SCCs have what appear to be flexible microvilli, whereas brush cells are defined by a characteristic tuft of stiff apical microvilli, which give the cell its name (40, 45) . Second, brush cells, like microvillous cells, are sparsely innervated (40) often by en passant contacts, whereas nasal SCCs are intimately entwined with nerve processes with which they repeatedly synapse (19).
FIGURE 3. Diagram of respiratory assay (modified Alarie test)
Following a tracheotomy, the anesthetized mouse was permitted to breathe freely through the lower end of the trachea; respiration was monitored by thermocouple. A constant flow of saline was injected into the upper end of the trachea and allowed to pass freely through the nasal passages exiting the nostril. Alterations in respiration reflected detection of irritants injected into the constant retronasal flow, as shown in the respiratory records shown in the graphs at bottom left. In TrpM5 (or ␣-gustducin)-KO mice, the irritant effect of the bitter-tasting substance denatonium was absent, although other irritants, which directly activate nerve fibers, remain effective at altering the respiratory rate (78) . The bar graph at bottom right shows that depression of respiration by denatonium requires functionality of the taste signaling cascade, whereas capsaicin and acetic acid, which directly activate the nerve fibers, are not dependent on taste cascade signaling.
The (44) , and bacterial signaling molecules (acyl-homoserine lactones) (78) . Furthermore, activation of these cells results in downstream activation of trigeminal afferents, presumably the peptidergic polymodal nociceptors that heavily innervate the nasal mucosa (19, 24). Activation of these nasal trigeminal nociceptors evokes apnea via a central brain stem reflex (19, 58, 78, 82) , and for certain classes of compounds, the apneic reflex depends on the integrity of SCC signaling (19, 78).
These same trigeminal nociceptors not only send impulses centripetally but also collateralize extensively within and beneath the nasal mucosa. The trigeminal polymodal nociceptors themselves express the bioactive peptides substance P and CGRP, as well as chemosensitive Trp channels including TrpV1, TrpM8, and TrpA1 (21). Thus activation of these fibers, whether directly via chemical activation of Trp channels or indirectly via SCCs, results in release of peptide mediators into the surrounding epithelium and onto nearby blood vessels, causing neurogenic inflammation (46, 47) .
We have been able to dissociate the two modes of activation of the trigeminal nociceptors by comparing wild-type mice with those with genetic deletion of either ␣-gustducin or the downstream trasnduction channel TrpM5 present in the SCCs but not in the nerve fibers (78) (see FIGURE 3) . The irritation produced by T2R ligands such as denatonium or acyl-homoserine lactones depends on the integrity of the T2R signaling system in the SCCs, whereas activation by capsaicin (which directly activates the TrpV1 channel on the nerve fibers) does not (see FIGURE 4). But activation of the peptidergic nerve fibers by either mechanism results in similar downstream release of peptides, which evoke plasma leakage from nearby blood vessels (77) (FIGURE 4).
Tracheal Brush Cells
Brush cells, characterized by a tuft of long, stiff apical microvilli, were first identified as a unique cell type in 1956 (59) . The first suggestion that brush cells in the trachea might be chemoreceptive came from Luciano (45), a hypothesis finally confirmed in 2011 (40) . Although many brush cells do make contact with nerve fibers (40, 45), others do not. In contrast, the nasal SCCs are intimately entwined by nerve fibers (FIGURE 2). Thus two features distinguish nasal SCCs from tracheal brush cells: apical ultrastructure and relationship to nerve fibers. In other respects, the cells are quite similar, displaying the canonical taste transduction cascade, including T2R receptors, a cholinergic phenotype, and activation by bitter-tasting ligands (40, 44, 75, 78, 79) . Tracheal brush cells also are distinct from neuroendocrine cells, which, like brush cells, are specialized epithelial cells scattered within the tracheal epithelium (40, 50, 71) .
Tracheal brush cells express multiple T2R (bitter taste) receptors and respond to corresponding bitter-tasting ligands, denatonium, and cycloheximide (40, 75) . Like nasal SCCs, tracheal brush cells initiate a respiratory reflex response (40) in keeping with the contacts between brush cells and vagal afferent fibers. A likely mechanism underlying this is that the brush cells release acetylcholine into the surrounding tissue and onto nearby nerve fibers, which have nicotinic cholinergic receptors. The acetylcholine thereby depolarizes the nerve fiber, which not only conveys this information to the CNS for respiratory control but also would likely release peptides and other inflammatory mediators into the surrounding tissues (40) , resulting in neurogenic inflammation. Thus, in the trachea as in the nasal cavity, the chemosensory cells may evoke both an integrative reflex via the brain stem and a local tissue response to activation.
Taste Receptors in the Absence of Canonical Taste Transduction
Two independent groups have reported the presence of TR-family receptors in the airways but in the absence of the canonical downstream signaling cascade associated with taste. The two locations where taste receptors appear to act in a cell-autonomous fashion without the full panoply of canonical downstream elements are in ciliated epithelial cells of the lung and in bronchiolar smooth muscle.
The ciliated epithelial cells of human lower airways express numerous T2Rs, ␣-gustducin, and PLC␤2 but lack other downstream signal components of the canonical taste transduction cascade (68) . Application of bitter-tasting substances to cultures of ciliated airway epithelia increases the intracellular Ca 2ϩ levels in the cells and thereby increases the ciliary beat frequency of the cell (68) . The ciliated epithelial cells are not innervated, and no sensory function is ascribed to the transduction of bitter-tasting ligands by the motile cilia in this system.
A second noncanonical signaling system associated with expression of the T2R receptors is in airway smooth muscle (16). In that system, activation of the T2Rs triggers a PLC-mediated increase in intracellular Ca 2ϩ , which acts on local big potassium (BK Ca ) channels to hyperpolarize the muscle cell, resulting in muscle relaxation. Additional mechanisms may be in play, however (54, 86) , since blockade of the BK Ca channels does not completely abolish the relaxation induced by bittertasting ligands (1) .
A cell-autonomous action for taste receptor signaling is not confined to the airways; diverse cells in the gastrointestinal system express taste receptors and related downstream effectors (31, 33, 34, 39, 41, 48, 62) . For example, taste receptor signaling in pancreatic ␤-cells of the pancreas triggers insulin release in response to sweeteners including fructose (14, 41). But this response is independent of neural activation, and hence the ␤-cell should not be considered chemosensory but rather chemoresponsive.
Diversity of Taste Receptors
In contrast to the chemoresponsive cells of the gastrointestinal system, which may express either T1R or T2R receptors, the taste-receptor-expressing cells of the airways largely express members of the T2R family of receptors. In the taste system, T2R receptors respond to bitter-tasting ligands with various degrees of specificity (7, 51). In rats, we have probed for eight different T2R family members, and all eight were detected by PCR in tissue from trachea, only seven in bronchi, and only two in the lungs (75) . The full expression profile of taste-related GPCRs in airway tissues remains to be determined. The expression of different T2R family members differs along the length of the digestive tract (84) , and a similar situation may obtain in the airways as well.
In the taste system, the T2R receptors respond to diverse bitter-tasting compounds (51), often hallmarks of toxic plant compounds. Similarly, in the airways, the T2R-expressing cells respond to many bitter-tasting substances and may trigger protective reflexes in response to inhalation of toxic dusts FIGURE 4. Inhaled irritants can activate either the nerve fibers directly or the SCCs, which synapse onto the nerve fibers These nerve fibers are polymodal nociceptors that release the peptides substance P and CGRP onto peripheral blood vessels. The vessels respond by dilation and opening of endothelial junctional complexes to produce a local neurogenic inflammation. We assay for this inflammation by measuring plasma leakage from the vessels into the surrounding nasal epithelium. (56) and signaling molecules including the acyl-homoserine lactones used as quorum-sensing molecules by Pseudomonas aeruginosa bacteria (78) . Detection of such microbialproduced molecules may provide the system with a means for responding to proliferating or invasive microbial populations before they cause tissue damage. For example, Pseudomonas aeruginosa quietly inhabits many of the airway mucosal surfaces at low population levels (18) but may become pathogenic at higher population densities when the bacteria transform to form a biofilm and aggressively attack the underlying epithelium. The bacteria themselves monitor their population through the agency of acyl-homoserine lactone (AHL) quorum-sensing molecules (70) . When the concentration of the AHLs gets sufficiently high [roughly 100 M (11)], the bacteria alter their behavior from commensal to pathogenic (70) . When concentrations of AHLs reach ϳ50 M, nasal SCCs begin to respond (78) and will induce neurogenic inflammatory changes in the epithelium, thereby recruiting elements of the immune system to the affected area. Thus SCCs generate not only a neural signal in response to irritants but also induce an adaptive local inflammatory response (FIGURE 4), which will tend to ameliorate the effects of a growing bacterial population.
More enigmatic is the expression of T1R family receptors in the respiratory epithelium. The T1R family of receptors in taste buds form heterodimers, which respond to sweet (T1R2 ϩ T1R3) or umami (savory) (T1R1 ϩ T1R3). In the taste system, these are both appetitive qualities that will tend to induce more consumption rather than avoidance of the ligand-bearing material. So what the function of T1R receptors in the nasal cavity may be is a mystery. Since the T1R-expressing SCC and brush cells appear identical to those expressing T2R family members, activation of these chemosensors will likely evoke sensations and responses similar to those generated by activation of T2R-expressing cells in the airways, i.e., irritation and protective reflexes. It is, however, hard to imagine what might be the natural ligands for such chemosensors. One possibility might be that T1R3-expressing cells of the airways are involved in regulation of glucose clearance from the mucus layer (49) , but further research is necessary before this is certain. Nonetheless, the expression of T1R family members by airway epithelial cells indicates that the molecular identity of the receptor is not indicative of hedonic function, i.e., excess sugar in airway mucus is not perceived as a positive quality, although it presumably will activate the same class of molecular receptor as do sweet substances applied to the tongue. This is another example of the Müller's law of specific nerve energies. 
Conclusions
The canonical taste transduction cascade is utilized by many cells of the body, including epithelial cells of the airways, to detect and respond to substances taken into the body. Whereas in the taste system members of the T2R family of receptors generate a sensation of bitter, in the airways, the same receptors will give rise to a sensation of irritation. In the upper respiratory tract, activation of the chemoresponsive cells will generate both protective respiratory responses and a local neurogenic inflammation. Thus the chemoresponsive cells of the respiratory system can be viewed as an array of chemoresponsive cells that mediate reflexive actions that protect the organism, i.e., a chemofensor network (23) 1 A common question is why, if bitter-tasting molecules such as denatonium activate a T2R receptor in nasal SCCs, is it not perceived as the taste of bitter rather than as irritation. The answer lies in the "Law of Specific Nerve Energies" enunciated by Johannes Peter Müller in about 1835. This law states that sensations evoked by activation of a nerve are related to the nature of the nerve and not to the physical energy of the stimulus, e.g., pressure on the eye produces the sensation of light, although no light energy (photons) is involved. The identity of a receptor (whether molecular or cellular) is not the determining factor for perception; it is the identity of the nerve that is crucial. Since the SCCs synapse onto trigeminal pain fibers and not onto taste fibers, activation of the SCCs is interpreted by the brain as a pain signal (irritation), not a taste signal. 
